Three amphiphilic peroxophosphomolybdates [C 4 24 showed the highest catalytic activity and the sulfur content could decrease to 7.5 ppm. In contrast, the desulfurization system shows very low performance without H 2 O 2 or ionic liquid. The detailed reaction conditions were optimized including reaction time, temperature, the dosage of H 2 O 2 and catalyst, and different sulfur compounds. After the reaction, the catalysts and the ionic liquid can be cycled 8 times with a little decrease in desulfurization efficiency.
Introduction
The combustion of sulfur-containing compounds in fuel oils produces a large amount of sulfur oxides, which are major air pollutants Hou et al. 2018 ). In the recent years, deep desulfurization of fuel oils has attracted worldwide interests due to the growing environmental concerns. Although the traditional hydrodesulfurization (HDS) can remove aliphatic sulfur compounds, it is less effective in removing alkyl-substituted aromatic sulfur compounds such as dibenzothiophene (DBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) (Jiang et al. 2017a, b; Li et al. 2018 ). At present, the possible tactics to improve desulfurization efficiency include adsorptive desulfurization Nejad and Beigi 2015) , extractive desulfurization (Raj et al. 2018; Jiang et al. 2015) and oxidative desulfurization (Jiang et al. 2014a, b; Yang et al. 2017) . Among these strategies, oxidative desulfurization combined with extraction shows a promising prospect owing to its high desulfurization efficiency (He et al. 2017; Lu et al. 2017; Hao et al. 2017; Xun et al. 2016; Zhang et al. 2014) . In this approach, the sulfur compounds are firstly oxidized to the corresponding sulfones or sulfoxides, which can be removed by extraction with polar solvents. In the early stage, Li and his group reported emulsion systems with amphiphilic catalysts, showing high catalytic activity for oxidative desulfurization (Li et al. 2004; Zhang et al. 2012) . However, the use of organic solvents after oxidation may do harm to the environment. Ionic liquids (ILs) are being explored as ''green'' substitutes for volatile organic solvents because of their low volatility (Dai et al. 2017; Sun and Zhao 2011 desulfurization (EODS), has been widely studied Xu et al. 2017; Moghadam et al. 2017; Rafiee et al. 2016) . In this process, the sulfur compounds are firstly extracted by ILs and oxidized by aqueous hydrogen peroxide in the IL phase. Compared with extractive desulfurization only by ILs, the system consisted of imidazolium-based ILs and H 2 O 2 -acetic acid and showed a great increase in desulfurization efficiency (Lo et al. 2003) . However, a large amount of ILs and H 2 O 2 are required, which increases the cost to the refinery. In order to solve this problem, an efficient extraction and catalytic oxidative desulfurization (ECODS) system has been raised by our group (Jiang et al. 2014a (Jiang et al. , b, 2017a Zhu et al. 2015; Wang et al. 2017) . The aim of this system is to explore efficient catalysts and select suitable ILs as solvents. To date, several kinds of catalyst have been reported, e.g., polyoxometalates (Hao et al. 2015) , tetrachloroferrates (Jiang et al. 2014a, b) , iron porphyrins (Zhao et al. 2017 ) and metal oxide 
Desulfurization tests
The DBT, BT and 4,6-DMDBT were dissolved in n-octane and tetradecane was used as the internal standard. The content of DBT, BT and 4,6-DMDBT was 500 ppm, 250 ppm and 250 ppm, respectively.
The extractive desulfurization experiments were conducted in a double-neck flask with 1 mL ionic liquid IL and 5 mL model oil for 5 min under continuous stirring. With the addition of a certain amount of H 2 O 2 , 5 mL model oil and catalyst, the oxidative desulfurization process was performed. After the reaction, 1 lL of the oil phase (upper layer) was collected and analyzed by gas chromatography until the two phases were separated. The sulfur removal was used to indicate the desulfurization rate of the model oil. A gas chromatograph with a flame ionization detector (GC-FID) (Agilent 7890A; HP-5, 30 m 9 0.32 mm 9 0.25 lm) was used to investigate the content of sulfur-containing compounds in the model oil.
Results and discussion

Characterization
The results of the elemental analysis and the determination of the active oxygen content of the three catalysts are given in Table 1 . The active oxygen content of the catalyst was determined by the following method: A certain amount of catalyst was added to 10 mL of DMF. Then, 5 mL of 0.5 mol L -1 H 2 SO 4 was used to adjust the pH to 2.5. After that, 0.5 g KI and 3 drops of 3% ammonium molybdate solution were added to the above solution, which was kept in the shade for 5 min. Finally, the well-calibrated Na 2 S 2-O 3 solution was used to titrate the above solution until the color was light yellow, and then 3 mL of 0.5% starch indicator was added to the solution, continuing dropping to the blue exactly disappeared. The mass percentage of active oxygen can be calculated by Eq. (1):
where c(Na 2 S 2 O 3 ) is the concentration of Na 2 S 2 O 3 solution, V(Na 2 S 2 O 3 ) is the volume of consumed Na 2 S 2 O 3 solution, and M(O 2 2-) is the molecular weight of O 2 2-. As given in Table 1 , the experimental data of samples were similar to the theoretical calculation data.
The FTIR spectra of catalysts are given in Figs. 2 and 3 , the stability of these catalysts showed a similar trend with increasing temperature in air. 
The effects of reaction time and temperature for desulfurization performance
The experiment was performed at 40, 50 and 60°C, respectively, to study the effect of reaction temperature on sulfur removal. The results in Fig. 4 showed that the sulfur removal increased when reaction time increased. When the temperature rose from 40 to 60°C, the catalytic performance on desulfurization was 34.1%, 41.0% and 56.2% after 10 min and increased to 82.7%, 93.3% and 98.3% after 60 min, respectively. It could be concluded that reaction time and temperature are important for desulfurization.
The effect of oxidant usage on desulfurization performance of catalysts
The effect of oxidant usage on desulfurization performance was investigated, and the result is shown in Fig. 5 . Using Reaction conditions: V(C 4 mimBF 4 ) = 1 mL, V(model oil (with 500 ppm DBT)) = 5 mL, T = 60°C, O/S = 3 (molar ratio), t = 1 h, n(DBT)/n(Catalyst) = 10 a The mixture was stirred at 30°C for 15 min Petroleum Science (2018) 15:890-897 893 being 2:1, the sulfur removal of DBT model oil could achieve 55.8% in 10 min and 95.9% in 60 min. However, when the O/S molar ratio was increased to 4:1, the sulfur removal of DBT model oil only improved to 58.4% in 10 min and 98.8% in 60 min. This feature indicated the high utilization of oxidant in the ECODS system due to the high sulfur removal at a low O/S molar ratio.
Investigation of the different sulfurcontaining compounds
As shown in Fig. 6 , another two sulfur-containing compounds benzothiophene (BT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) were evaluated with
O 24 ] as the catalyst. The removals of BT and 4,6-DMDBT are 41.7% and 88.6%, respectively, after 1 h under optimized conditions. The removal rates are lower than the removal of DBT. According to the previous study (Li et al. 2016) , it is found that the catalytic activity of desulfurization was affected commonly by two factors, which are the electron density and the steric hindrance around the sulfur atoms. For one thing, it is the low electron density around the sulfur atoms of BT that leads to the lowest catalytic activity. For DBT and 4,6-DMDBT, the difference of the electron density is very small. The steric hindrance of the methyl groups around the sulfur atoms will be the main role affecting the reactivity. Thus, the desulfurization activity of different substrates decreased in the following order of DBT [ 4, 3.6 Influence of the usage of the catalyst Table 4 reveals effects of the usage of the catalyst on sulfur removals. It is seen that the removal of DBT increased from 38.7% to 98.3%, when the molar ratios of catalyst/sulfur increased from 1:100 to 1:10. However, the Reaction conditions: V(C 4 mimBF 4 ) = 1 mL, V(model oil) = 5 mL, t = 1 h, T = 60°C, O/S = 3 (molar ratio) sulfur removal rose by only 1.3% when the molar ratio of catalyst/sulfur was 1:5. Hence, it was proved that the amount of catalyst had an important influence on the removal of DBT and the appropriate catalyst/sulfur molar ratio might be 1:10.
Recycling of the IL and catalyst
The recycling performance of the IL and catalyst plays a key role in the practical application. The recycling experiment was carried out as follows. After the first reaction, the IL phase containing the catalyst was separated and heated at 110°C for 3 h to remove the remaining hydrogen peroxide. Then, the regenerated IL and catalyst, fresh hydrogen peroxide and model oil were added to the flask for the next reuse. The sulfur removal only decreased from 98.3% to 95.9% after the 8th cycle (Fig. 7) Lu et al. 2013 ). The sulfone is in the lower ionic liquidIL phase, which will promote the desulfurization reaction process. When the ionic liquidIL extraction is saturated, the sulfone is precipitated as a white solid from the ionic liquidIL and the sulfone can be removed from the desulfurization system by centrifugation.
Conclusion
Three peroxophosphomolybdates were successfully synthesized and characterized. Compared with the short carbon chains in cations of catalysts, a long carbon chain showed a positive effect on catalytic oxidation of DBT. The sulfur removal could reach 98.3% with [C 16 and it could be cycled 8 times with very little loss of activity.
